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ABSTRACT 


The  Influence  of  maximum  stress,  atreaa  range,  and  sequence 
of  load  application  on  the  rate  and  mechanism  of  fatigue  crack  propa¬ 
gation  in  2024-T3  aluminum  alloy  was  studied  by  means  of  electron 
fractography.  Variable  amplitude  loading  programs  were  designed  to 
provide  tests  under  the  following  conditions: 

1.  Constant  maximum  stress  with  three  different 
levels  of  stress  range, 

2.  Constant  atreaa  range  with  three  and  four  levels 
of  maximum  atress , 

3.  Pseudorandom  load  application  achieved  by  random 
distribution  of  the  load  spectra  defined  In 
items  (1)  and  (2), 

4.  Uniform  maximum  stress  with  peak  overloads  and 
underloads. 

The  macroscopic  growth  rates  were  determined  on  center-notched 
crack  growth  panels  and  the  fracture  surfaces  were  examined  by  electron 
fractography.  The  analyses  of  the  Influence  of  program  loads  on  the 
rate  and  mechanism  of  fatigue  crack  growth  were  accomplished  by: 

1.  Comparing  plots  of  crack  length  versus  measured 
rates  of  crack  propagation  for  the  different 
programs.  The  measured  rates  were  also  compared 
with  rates  calculated  by  a  computer  program. 


t  ■  Relating  the  count  end  apaclng  of  the  fatigue 
etriatlona  observed  on  the  fracture  surfaces 
to  the  applied  load  program,  by  means  of  elec¬ 
tron  fractography. 

An  empirical  equation  relating  relative  microscopic  growth 
rates  at  a  given  crack  length  to  maximum  loads  and  load  amplitudes 
was  obtained.  It  was  also  found  that  the  advance  of  a  fatigue 
crack  front  takaa  place  only  during  the  loading  part  of  a  cycle 
and  that  In  the  pseudorandom  load  case  the  sequence  of  load  appli¬ 
cation  can  markedly  Influence  :rack  growth  rate  on  any  one  cycle. 


I.  INTRODUCTION 


The  "fail-safe"  concepts  uaad  in  design  of  aircraft  struc¬ 
ture  require  a  basic  knowledge  and  understanding  of  the  fatigue  crack 
propagation  behavior  of  airframe  materials.  Although  considerable 
progress  has  been  made  in  the  last  twenty  years1  »2»  3 » ** » 5  toward 
understanding  fatigue  crack  propagation,  the  methods  used  to  predict 
the  fatigue  properties  of  structure  under  program  or  random  loads 
still  have  a  lew  degree  of  reliability  and  confidence.  In  particular, 
Che  relationship  between  the  fatigue  damage  created  by  random  service 
loads  and  by  programmed  teat  loads  has  not  yet  been  established.  One 
of  the  main  technical  difficulties  has  been  an  inability  to  separate 
the  fatigue  damage  Induced  by  each  load  application  in  a  complex  load 
history.  For  instance,  in  a  typical  fatigue  test  the  smallest  crack 
length  change  measured  with  a  SOX  traveling  microscope  is  of  the 
order  of  .001”,  which  may  correspond  to  100  or  1,000  load  programs, 
or  to  an  even  larger  number  of  mean  crossings  in  a  random  load  test. 
Even  if  we  were  to  use  a  higher  magnification  microscope  the  surface 
measurements  of  crack  length  would  not  give  us  a  load-crack  length 
relationship  with  significantly  graater  resolution  because  of  the  un¬ 
certainty  of  the  definition  of  the  actual,  subsurface  crack  tip  po¬ 
sition. 

Fortunately,  in  moat  of  the  aluminum  alloys  used  as  airframe 
materials,  the  fatigue  fracture  surface  Itself  shows  the  successive 
positions  of  the  fatigue  crack  front  with  an  amazing  resolution.  Sue- 
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cesslve  crack  front  poaitlon*  apacad  leaa  than  l*l<r6  inches  apart 
hava  baan  observed.  The  aucceaaiva  crack  front  positions  are  re¬ 
presented  by  a  series  of  groove  ridge  llnea  on  the  fracture  surface, 
and  are  called  crack  front  arrest  lines  or  simply  fatigue  strlatlons. 
These  strlatlons  were  first  observed  with  the  optical  microscope6 
but  can  best  be  studied  with  the  electron  microscope  at  magnifica¬ 
tions  ranging  from  1,000  to  20,000.  In  the  case  of  the  2000  and 
7000  series  of  aluminum  alloys  the  strlatlons  are  remarkably  well 
defined,  at  least  for  crack  growth  rates  ranging  from  1  to  1,000 
winch /cycle.  At  the  lowest  growth  rates,  where  the  need  for  growth 
rate  Information  la  greatest,  nearly  all  of  the  fracture  surface 
shows  strlatlons.  At  higher  growth  rates  the  percentage  of  fracture 
surface  occupied  by  atrlationa  decreases.  That  Is,  fracture  by 
cyclic  ductile  tear  predominates  as  the  crack  approaches  critical 
crack  length. 

The  fact  that  the  atrlatlons  represent  successive  positions 
of  the  crack  front  enables  us  to  study  the  mechanisms  and  rates  of 
fatigue  crack  propagation  as  a  function  of  crack  length,  load  history, 
stress  Intensity  factor,  and  environment.  So  far,  most  studies  of 
fatigue  fracture  surfaces  by  electron  microscopy  have  been  limited 
to  qualitative  observations  of  the  strlatlon  shapes  and  profiles, 
and  to  strlatlon  interactions  with  grain  boundaries  or  second  phase 
particles.7  A  limited  amount  of  quantitative  work  has  shown  that  for 
uniform  cyclic  loads  and  for  crack  growth  rates  greater  than  1  to 
10  winch/cycle,  there  Is  a  one-to-one  correlation  between  strlatlons 
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and  load  cycles.®  Also,  It  haa  baan  ahovn  that  tha  measurements  of 
•trlation  apadng,  which  represent  tha  alcroacoplc  rata  of  crack  pro¬ 
pagation,  correlate  very  well  with  the  nacroacopic  measurements  of 
crack  propagation  ratea . 9 > 1 0 

In  racent  atudlea  at  Boalng  we  uaed  optical  and  electron 
fractography  to  atudy  tha  fatlgua  fractura  aurfacea  of  many  atruc- 
tural  taat  components  teatad  under  progressed  loads  designed  to 
simulate  service  conditions.  In  aach  case  the  load  program  could  he 
readily  related  to  tha  general  topography  of  tha  fracture  aurfece. 
However,  the  complexities  of  tha  test  componenta  end  of  the  load 
spectra  ware  such  that  It  waa  not  possible  to  make  a  direct  correla¬ 
tion  between  each  applied  load  and  the  observed  strlatlon  spaclnga. 

Aa  a  consequence,  we  ran  a  number  of  fatigue  crack  propagation  teata 
with  different  simplified  spectra  of  loads.  These  loads  were  pro¬ 
grammed  In  such  a  way  as  to  lead  to  an  unambiguous  Interpretation  of 
the  mlcrofractographlc  observations. 

The  purpose  of  this  research  program  waa  to  achieve  a  better 
unders tending  of  the  following  problems: 

1.  The  Influence  of  maximum  load,  load  amplitude,  and  load 
aeouence  on  crack  propagation  rates.  Two  basic  types  of  load  programs 
were  studied:  (a)  constant  maximum  load  with  variable  load  amplitudes, 
and  (b)  constant  load  amplitude  with  variable  maximum  loads. 

2.  The  comparison  of  pseudorandom  loading  with  program 
loading .  The  two  basic  types  of  load  rrograme  defi  ned  above  were 
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randomized  and  the  crack  growth  rates  were  compared. 

3.  The  occurrence  of  crack  arrest  and  crack  acceleration. 
Strlatlons  were  counted  and  strlatlon  apaclngs  were  measured  fol¬ 
lowing  changes  of  maximum  loads  or  load  amplltudea. 

4.  The  mechanisms  of  fatigue  cracking  and  strlatlon  for¬ 
mation.  Some  of  tha  load  sequences  were  planned  to  distinguish 
clearly  between  loading  and  unloading  behavior  at  the  crack  tip. 

5.  The  prediction  of  grggragied  °r  Pseudorandom  load 
crack  propagation  rates.  Using  crack  growth  data  from  constant  maxi¬ 
mum  load  and  constant  load  amplitude  tests,  a  computer  program  cal¬ 
culated  the  expected  crack  growth  rates  for  all  the  programmed  and 
random  load  teats.  The  validity  of  Miner's  rule  for  crack  propa¬ 
gation  was  evaluated  by  comparing  calculated  with  observed  growth 
rates. 

II.  EXPERIMENTAL  PROCEDURE 
Materials 

The  material  chosen  for  this  program  was  2024-T3  aluminum 
alloy  in  the  form  of  bare  0.160-inch  gage  sheet.  The  2024-T3  alloy 
was  selected  because  Its  fatigue  crack  growth  rates  are  less  suscep¬ 
tible  to  environmental  effects  such  as  humidity,  than  are  alloys  of 
the  7000  series.11  Also,  the  fatigue  strlatlons  of  the  2024  alloy 
are  always  clearly  defined  and  are  of  the  ductile  type.12  Thus,  they 
lend  themselves  to  a  detailed  strlatlon  profile  and  spacing  analysis. 

A  number  of  similar  tests  were  also  conducted  on  aluminum  alloy  7075-T6 
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to  confirm  the  generality  of  relationships  established  for  the  2024 
alloy.  The  chemical  compos  it  lor.  and  mechanical  properties  of  the 
transverse  grain  direction  of  the  2024-T3  material  used  In  this 
program  are  shown  in  Tables  I  ai  d  II,  respectively. 

Test  Procedure 

The  test  specimen  used  in  the  fatigue  testing  portion  of 
the  program  was  a  24"  *  9"  center-notched  fracture  panel,  with  the 
transverse  grain  direction  parallel  to  the  tensile  axla.  Fatigue 
testing  was  accomplished  in  a  vertical  125  kip  electrohydraullc  frac¬ 
ture  Jig  of  Boeing  design  at  a  cyclic  rate  of  90  cpm. 

Program  and  l andexn  loads  were  Introduced  by  punched  tape 
digital  programming  through  a  Boeing-designed  forced  closed  loop, 
servo  system,  random  load  controller.  Previous  work  has  shown  this 
testing  system  to  be  capable  of  applying  loads  with  an  absolute  error 
of  tl  percent  of  the  maximum  programmed  load  for  the  random  load  case 
at  cyclic  rates  up  to  90  cpm.  A  typical  load  recording  is  shown  in 
Figure  1. 

The  initial  center  crack  (2s)  was  0.5-inch  with  a  crack  root 
radius  of  .003-inch.  Crack  growth  was  monitored  with  a  50X  traveling 
microscope.  Specimens  were  normally  cycled  to  failure.  All  testing 
was  conducted  in  a  laboratory  environment.  Temperature  and  relative 
humidity,  recorded  periodically  throughout  the  tests,  ranged  from  65*F 
to  79 *F  and  17  percent  to  52  percent  relative  humidity.  The  averages 
were  approximately  70*F  and  40  percent  relative  humidity. 
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Figure  1  Typical  recording  of  load  for  part  of  Program  P13. 
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All  the  test  data,  crack  length  versus  number  of  periods, 
are  reported  in  Appendix  I.  The  crack  rates  have  been  calculated 

as  the  linear  average  over  the  interval  between  two  successive  crack 
length  readings.  The  crack  rate  obtained  is  assumed  to  be  the  crack 
rate  at  the  middle  of  the  crack  length  interval . 

Standard  two-stage  replicating  techniques  were  used  to  pre- 
P*r*  replicas  for  examination  with  the  electron  microscope.  The 
shadowing  material  was  germanium,  and  in  every  case  but  one,  the 
shadowing  direction  was  parallel  to  the  overall  crack  propagation 
direction.  Replicas  of  the  fracture  surface  were  examined  at  average 
crack  lengths  of  2a  -  0.6,  0.9,  1.3,  and  1.7  inches.  The  crack 
length  corresponding  to  each  electron  micrograph  was  recorded  with 
an  accuracy  of  A a  •  £0.02  inch.  The  critical  fatigue  crack  lengths 
for  all  specimens  ranged  from  2a  -  6  to  7  inches. 

Test  Programs 

Thirteen  load  programs,  PI  to  P13,  were  run.  Each  program 
was  broken  down  into  spectra  identified  as  A,  B,  C,  and  D.  In  each 
spectrum  the  maxima  and  minima  of  loads  were  numbered  in  sequence  so 
that  any  cycle  or  part  of  a  cycle  could  be  identified  and  referred  to 
without  confusion.  For  Instance,  P1-A9-B1  refers  to  the  compression 
part  A9  to  B1  of  the  first  cycle  of  Spectrum  B  of  Program  PI.  The 
cycle  digits  should  always  be  read  in  the  forward  direction. 


Tables  IIIA  and  IIIB  list  the  programs,  the  spectra  sequence. 
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TABLE  IIIA 

PROGRAMS  WITH  CONSTANT  MAXIMUM  STRESS 


(Maximum  Stress 

Sg  -  12000  pal) 

Programs 

PI 

P2 

P3 

P4 

P5 

Sequence 

ABC 

CBA 

CBA 

ABCD 

Random 

Spectrum 

A 

n  cycles 

9 

9 

6 

12 

B 

1.2 

1.2 

2 

2 

B 

n  cycles 

8 

8 

8 

8 

6 

3 

3 

3 

3 

C 

n  cycles 

7 

7 

10 

20 

8 

20 

20 

20 

20 

D 


n  cycles 

B 


8 

3 
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TABLE  IIIB 


PROGRAMS  WITH  CONSTANT  STRESS  AMPLITUDE 

(Stress 

Amplitude  AS  «  7000  pel) 

Programs 

P6 

P7 

P8 

P9  P10 

Pll 

P12 

Sequence 

ABCD 

DCBA 

ABC 

CBA  Random 

AB 

AB 

Spectrum 

A 

n  cycles 

4 

4 

20 

20 

4 

3 

S  max  ksl 

14 

14 

14 

14 

14 

12 

B 

2.0 

2.0 

2.0 

2.0 

2.0 

2.' 

B 

n  cycles 

5 

5 

16 

16 

20 

21 

S  max  ksl 

12 

12 

12 

12 

12 

14 

B 

2.4 

2.4 

2.4 

2.4 

2.4 

2.1 

C 

n  cycles 

6 

6 

12 

12 

S  max  ksl 

10 

10 

10 

10 

B 

3.33 

3.33 

3.33 

3.33 

D 

n  cycles 

7 

7 

S  max  ksl 

8 

8 

B 

11.4 

11.4 

11 


the  number  of  cycles  In  each  spectrum,  the  maximum  gross  area  stress 
and  stress  amplitude,  and  6  factors  (» ■  HR} 

the  programs  are  shown  In  Figures  2,  3,  and  4.  Load  was 
approximately  a  sine  function  with  time  represented  as  triangular 
waves  on  the  sketches  for  simplicity.  Programs  PI,  P2,  P3,  P4,  and 
P5  represent  a  constant  maximum  load  with  variable  load  amplitudes. 

P2  Is  the  reverse  of  PI,  and  P3  was  obtained  by  modifying  P2  in  order 
to  obtain  crack  propagation  with  the  smallest  load  amplitude  level. 

P4  was  made  up  by  Juxtaposing  P3  and  a  reversed  P3  to  measure  the  in¬ 
fluence  of  the  sequence  of  load  spectra.  Program  P5  was  obtained  by 
"randomizing"  P3.  The  first  three  cvclea  were  purposely  planned  with 
a  constant  AS  «  11,400  psi  in  order  to  have  a  reference  marker  on 
the  mlcrofractographs. 


Programs  P6,  P7,  P8,  P9,  Pll,  and  P12  represent  a  constant 
load  amplitude  with  variable  maximum  loads.  P7  and  P9  are  the  re¬ 
verse,  respectively,  of  P6  and  P8.  P8  and  P9  were  designed  after  it 
was  found  that  P6  and  P7  gave  a  striation  profile  difficult  to  ana¬ 
lyze.  Pll  and  P12  were  used  to  Identify  unambiguously  the  cracking 
sequence  In  each  cycle  and  also  to  measure  the  Influence  of  overloads 
or  underloads.  P10  was  obtained  by  "randomizing"  the  same  number  and 
levels  of  S  max  and  S  min  values  present  In  P9.  Four  pseudorandom 
programs  were  produced  by  alternately  drawing  a  maximum  and  minimum 
stress  value  from  separate  boxeB.  Program  P10  was  then  arbitrarily 
lcked  from  among  the  four  pseudorandom  programs.  In  this  paper. 


12 


Figure  2a  Program  PI. 


Figure  2b  Program  P2. 


Figure  2d  Program  P4. 


Figure  2e  Program  P5 
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Programs  P5  and  P10  will  be  called  random  programs,  although  we  know 
they  are  not  truly  random.  Program  P13  was  designed  to  separate  the 
Influence  of  a  change  of  maximum  load  and  of  a  change  of  load  am¬ 
plitude  on  the  rate  of  crack  propagation. 

III.  RESULTS 

Fatigue  Cracking  and  Strlation  Formation 

In  order  to  understand  clearly  the  relationship  between 
strlation  spacing  and  load  cycles,  the  mechanism  of  strlation  forma¬ 
tion  should  be  explained. 

All  the  fatigue  striations  observed  in  this  work  were  of 
the  ductile  type.12  The  fatigue  striations,  which  are  well  resolved 
at  high  magnification,  show  a  ridge  or  "sawtooth"  profile  with  light 
and  dark  sides  on  each  side  of  the  ridge.  The  replicas  were  the  two- 
stage  plastic-carbon  type  shadowed  in  the  direction  of  crack  propa¬ 
gation.  By  comparing  the  contrast  resulting  from  shadowing,  we  can 
determine  unambiguously  the  slope  orientation  on  each  side  of  a 
strlation.  In  one  case,  shadowing  was  done  in  a  direction  opposite 
to  the  direction  of  crack  propagation  to  reverse  the  contrast  and 
verify  our  conclusions.  Matching  areas  on  opposite  faces  of  the  frac¬ 
ture  surfaces  were  also  studied  and  some  stereo  micrographs  from  one 
side  of  the  fracture  surface  were  examined.  All  these  different  tech¬ 
niques  led  to  the  following  conclusions,  which  are  summarized  in  the 


sketches  of  Figures  5  and  hi 
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CRACK  AOVKNCl 
1 _ ,  PER  CYCU 


TIME 

CRACK  PROPAGATION  SEQUENCE 


Figure  5  Sketches  showing  the  formation  of  a  strlation.  Crack 
advance  occurs  only  during  the  load  rise  part  of  the 
load  cycle. 


Figure  6  Sketches  a,  b,  c  show  the  striation  profile  and  spacing 
for  parts  of  Programs  P3,  P7,  and  P9. 
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1.  The  dark  side  of  the  striation  (on  either  of  the  frac¬ 
ture  halves)  always  faces  the  crack  front  when  shadowing  is  in  the 
direction  of  crack  propagation.  By  opposition,  the  brighter  part  of 
the  fatigue  striation  faces  away  from  the  crack  front.  The  dark 
side  of  the  striation  always  has  a  rumpled  appearance  with  fine, 
wavy,  "slip"  lines  which  are  usually  parallel  to  the  crack  front, 
indicating  heavy  deformation.  The  bright  side  of  a  striation  is  flat 
and  generally  featureless.  The  relative  width  of  the  dark  to  bright 
sides  of  a  striation  is  quite  uniform  for  a  constant  cyclic  load. 
Changes  of  maximum  load  or  load  amplitude  result  in  marked  changes 

in  striation  spacing,  striation  contrast,  and  relative  widths  of  the 
bright  to  dark  sides  of  a  striation. 

2.  Fatigue  cracking  occurs  only  during  a  load  rise,  or 
opening  of  the:  crack,  and  it  accounts  for  the  entire  crack  extension. 
Figures  7  and  S,  showing  strlations  developed  during  Programs  Pll  and 
P12,  demonstrate  this  finding  clearly.  In  Figure  7  the  large  bright 
striation  is  due  to  the  load  rise  B21-A1  at  the  beginning  of  Spec¬ 
trum  A,  and  in  Figure  8  it  is  due  to  the  load  rise  A4-B1  at  the  end 
of  Spectrum  A. 

3.  During  unloading,  or  closing  of  the  crack,  the  two 
fracture  surfaces  created  during  the  preceding  stress  rise  are  heavily 
deformed  near  the  crack  tip.  This  leads  to  the  formation  of  the 
dark,  rumpled  side  of  the  striation  and  erases,  in  part,  the  bright 
appearance  of  the  fracture  face  created  during  the  loading  part  of 
the  cycle.  The  ratio  of  dark  to  bright  sides  of  the  striation  depends 
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Figure  7  Typical  fracture  surface  resulting  from  Program  Pll. 

Note  the  large  striation  spacing  due  to  the  load 
amplitude  B21-A1  (9000  psi)  followed  by  three  large 
striations  corresponding  to  the  load  cycles  of 
Spectrum  A  (2a  =  1.7  inches). 
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Figure  8  Typical  fracture  surface  resulting  from  Program  P12. 

Note  the  large  striation  spacing  due  to  the  load 
amplitude  A4-B1  (9000  psi)  preceded  by  three  smaller 
striations  corresponding  to  the  load  cycles  of 
Spectrum  A  (2a  =1.7  inches). 
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on  loading  versus  unloading  load  amplitudes.  But,  even  when  the  un¬ 
loading  load  amplitude  is  much  larger  than  the  preceding  load  rise, 
the  deformed  width  of  the  striation  (dark  side)  is  never  greater 
than  the  crack  advance  due  to  the  preceding  load  rise. 

Figures  6a,  6b,  and  6c  illustrate  different  fatigue  stri¬ 
ation  profiles  and  the  corresponding  load  sequences.  Since  the 
exact  shape  and  size  of  the  c-ack  tip  is  unknown,  it  is  represented 
as  a  dotted  line  in  each  sketch.  The  height  of  the  strlatlons  is 
magnified  for  better  illustration. 

Laird13  has  recently  presented  a  review  of  fatigue  cracking 
and  striation  formation.  There  is  little  doubt  that,  as  was  shown 
by  Laird  and  Smith,14  and  by  McEvily,15  there  is  a  sharpening  of 
the  crack  tip  during  unloading.  Resharpening  of  the  crack  tip  takes 
place  by  heavy  deformation  on  the  shear  planes  at  45"  to  the  plane 
of  the  crack  at  the  crack  tip.  This  deformation,  which  can  be  called 
a  macrocooperative  slip  or  shear,  can  take  place  in  noncrystalline 
as  well  as  in  crystalline  materials.  In  the  case  of  crystalline 
materials  the  orientation  of  a  grain  and  the  slip  systems  available 
may  facilitate  the  resharpening  process  by  a  dislocation  mechanism 
similar  to  the  one  suggested  by  Schijve.16  Most  of  Laird's14  obser¬ 
vations  were  made  on  fracture  surfaces  resulting  from  low  cycle  fa¬ 
tigue.  That  is,  there  was  always  enough  deformation  or  shear  at  the 
crack  tip  to  create  a  well-defined  groove,  regardless  of  the  crystal¬ 
lography  of  the  materials.  On  the  other  hand,  in  the  case  of  high 
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cycle  fatigue  --  that  is,  growth  rates  smaller  than  one  micron/cycle  -- 
the  fine  fatigue  striations  are  not  observed  in  all  the  alloy  systems. 
Striations  are  well  defined  for  the  2024  alloys,  they  are  sharp  and 
angular  in  the  7000  series  aluminum  alloys,  very  irregular  in  ti¬ 
tanium  alloys,  and  rarely  defined  at  all  in  high  strength  steels.  In 
conclusion  it  can  be  stated  that: 

1.  Striation  formation  is  a  two-step  process,  with 
crack  extension  on  the  loading  portion  of  the 
stress  cycle  followed  by  striation  definition 
through  plastic  flow  and  resharpening  of  the 
crack  on  the  unloading  portion  of  the  stress 
cycle,  and, 

2.  The  crystallography  of  the  material  can  accen¬ 
tuate  the  localization  of  this  flow  leading  to 
sharp,  well-defined  ridges  and  grooves. 

At  this  point,  before  presenting  the  results,  it  is  worth¬ 
while  to  stress  the  fact  that  crack  propagation  by  striation  forma¬ 
tion  is  the  principal  mechanism  of  fatigue  crack  propagation  for 
short  crack  lengths  and  slow  growth  rates;  that  is,  for  our  tests, 
for  0.500"  <  2a  <  1.5  to  2  inches.  Figure  9  shows  typically  the 
uniformity  of  crack  propagation  by  striation  formation.  Striations 
are  formed  right  at  the  root  of  the  notch  as  soon  as  the  crack 
starts  propagating,  as  shown  in  Figure  10.  Stage  I12  crack  growth 


was  not  observed. 
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Figure  9  Note  the  uniformity  of  the  striation  spacing  and  the 
extent  of  fracture  surface  covered  by  striations- 
Program  Pll  (2a  *■  .6  inch). 


Figure  10  Crack  propagation  by  striation  formation  (Stage  II) 
starts  right  at  the  root  of  the  sawtooth  notch. 
Program  Pll  (2a  =  .5  inch). 
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Constant  Maximum  Load  and  Variable  Lot ‘  Amplitude  Programs 

Five  programs,  PI  Co  PS,  with  constant  S  max  and  variable 
4 S  were  planned  and  tested.  The  test  dsts  are  reported  in  Figures 
11  and  12,  which  represent  plots  of  crack  length  versus  crack  growth 
rates. 

Programs  PI  and  P2  were  designed  and  run  first.  There  was 
no  significant  difference  in  crack  growth  rates  between  the  two 
programs.  The  fracture  surfaces  did  not  show  any  strlatlons  or 
crack  growth  for  Spectrum  A  (4S  ”  2000  psl)  of  either  program.  Con¬ 
sequently  the  programs  could  not  be  differentiated  by  examination  of 
the  micrographs  alone,  since  the  absence  of  strlatlons  due  to  Spectra 
A  resulted  In  the  same  spectra  sequence  for  the  two  programs;  that 
is,  BCBCBC  for  PI  and  CBCBCB  for  P2.  Figures  13,  14,  and  15  show 
typical  fractographs  for  Programs  PI  and  P2,  respectively.  The 
only  significant  feature  besides  the  change  in  strlatlon  spacing  be¬ 
tween  Spectrum  B  and  Spectrum  C  was  a  brighter  strlatlon  corres¬ 
ponding  to  C77-A-A9B1  in  PI  and  to  C77-B71  In  P2.  In  P2  this  stri- 
atlon  had  the  same  spacing  as  the  other  strlatlons  in  Spectrum  C, 
but  appeared  brighter  because  of  the  smaller  width  of  the  dark  part 
of  the  strlatlon,  which  corresponded  to  the  smaller  unloading  am¬ 
plitude  C7-B1.  In  PI  the  bright  strlatlon  had  the  same  appearance 
aa  in  P2  but  appeared  to  be  larger  than  the  other  C  strlatlons,  which 
would  mean  that  Spectrum  A  resulted  in  some  limited  crack  extension 
but  with  no  resolvable  strlatlon  formation.  Spectrum  A  does  not 
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Figure  11  Crack  length  venue  crack  growth  rates  for  Programs 
PI  and  P2,  and  alloys  2024-T3  and  7075-T6. 
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Figure  12  Crack  length  vereue  crack  growth  rates  for  Programs 
P3,  PA,  and  P5. 
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Figure  13  Typical  fracture  surface  due  to  Program  PI.  (2a  - 
.7  inch) 


Figure  14  Typical  fracture  surface  due  *  Program  P2.  Compare 
with  Figure  13.  (2a  -1.3  incnes) 
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Figure  15  Typical  fracture  surface  due  to  Program  P2,  showing 
the  uniformity  of  strlation  spacing  (2a  -  .6  inch). 
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show  up  even  at  the  longest  crack  lengths  whereas  strlatlons  are 
still  observed  for  Spectra  B  and  C  amidst  large  regions  of  ductile 
tear. 

Program  P3  was  designed  as  a  modified  P2,  with  AS  -  6000  psi 
for  Spectrum  A  and  a  different  number  of  cycles  In  each  spectrum. 

This  time  Spectrum  A  resulted  in  well-defined  A  strlatlons  between 
strlatlons  C  and  B,  as  shown  In  Figures  16  and  17.  Programs  PA  and 
PS  were  then  designed  and  run.  Characteristic  fractographs  are  shown 
in  Figures  18  and  19. 

Figure  12  gives  a  log-log  plot  of  observed  and  calculated 
crack  length  versus  growth  rate  per  program  for  P3,  PA,  and  P5  (for 
PA  the  rates  plotted  correspond  to  a  half  program).  The  crack  growth 
rates  for  the  random  case,  PS,  were  the  same  as  for  the  programmed 
spectra,  P3  and  PA.  This  shows  that  In  the  tests  at  constant  maxi¬ 
mum  load  the  sequence  of  load  application  did  not  measurably  influ¬ 
ence  the  overall  crack  growth  rates.  This  was  confirmed  by  the 
fracture  analysis  with  the  electron  microscope; 

1.  There  was  no  marked  crack  front  advance  at  the  change 
of  load  amplitude  between  different  spectra. 

2.  After  a  change  of  load  amplitude,  the  spacing  of  the 
strlatlons  for  the  next  load  amplitude  sequence  reached  a  stable  and 
uniform  value  on  the  first  cycle  of  the  new  load  amplitude  sequence. 

The  average  rates  of  crack  propagation  per  load  cycle  for 
each  load  amplitude  sequence  in  Programs  P3  and  PA  were  measured  for 
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Figure  16  Typical  striation  profile  corresponding  to  Program  P3 
(2a  «  0.9  inch). 


Figure  17  Typical  fracture  surface,  showing  the  uniformity  of  the 
striation  spacing  for  the  three  spectra  of  Program  P3 
(2a  -  . 7  inch) . 
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Figure  18  Typical  fracture  surface  due  to  Program  P4.  The  se¬ 
quence  of  application  of  the  load  amplitudes  does  not 
seem  to  change  the  striation  spacing  markedly  (2a  = 

.9  inch). 


Figure  19 


Striation  profile  corresponding  to  pseudorandom  Program 
P5  (2a  =  .9  inch) . 
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various  crack  lengths  between  2a  ■  0.5  inch  and  2a  ■  0.9  inch. 

The  growth  rates  per  cycle  in  each  field  of  view  were  compared  with 
the  larger  growth  rate  (taken  as  unity)  corresponding  to  AS  »  11,400 
psi.  This  procedure  partially  eliminated  the  scatter  in  absolute 
growth  rates,  which  is  always  observed  at  high  magnification  even  at 
a  constant  crack  length. 

Figure  20  is  a  plot  of  log  AS  versus  log  relative  crack 
growth  rate  per  cycle.  There  was  a  certain  scatter  In  the  data,  but 
it  showed  that,  for  constant  S  max,  the  following  relative  crack 
rate  equation  could  be  written: 

rate  «  C(AS)n 

with  n  ■  1  for  AS  between  8000  and  12,000  psi,  and  increasing 
from  two  to  four  for  AS  lower  than  8000.  It  is  unfortunate  that 
we  were  not  able  to  extrapolate  this  plot  for  AS  ■  2000  psi.  The 
possibility  that  measurable  growth  could  be  achieved  by  large  in¬ 
creases  in  the  numbers  of  stress  cycles  at  AS  »  2000  psi  was  con¬ 
sidered,  but  no  testing  to  investigate  this  point  was  conducted. 

Constant  Load  Amplitude  and  Variable  Maximum  Load  Programs 

Seven  programs,  P6  to  P12,  with  constant  AS  and  variable 
S  max  were  planned  and  tested.  The  test  data  are  reported  in  Figures 
21,  22,  and  23,  which  represent  plots  of  crack  length  versus  crack 
growth  rates. 


(1) 


There  was  no  significant  difference  in  macroscopic  crack 
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Figure  20  Relative  crack  growth  rates  at  constant  S  max  for  Pro¬ 
grams  PI,  P2,  P3,  and  P4. 


Figure  21 


Crack  growth  rates  versus  crack  length  for  Programs  P6 
and  P7. 
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Figure  22  Crack  growth  rates  versus  crack  length  for  Programs  P8, 
P9 ,  and  P10. 


Figure  23  Crack  growth  rates  versus  crack  length  for  Programs  PH, 
P12,  and  P13. 
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growth  rates  between  Progiams  P6  and  P7.  The  striations  observed 
on  the  fracture  surface  wore  never  as  well  defined  as  for  Programs 
PI  to  P5.  However,  Spectra  A,  B,  and  C  of  P6  could  be  easily  iden¬ 
tified,  as  shown  in  Figure  24.  Spectrum  D  did  not  show  any  crack 
advance  or  striations  but  accounted  for  a  very  narrow  and  sharp  com¬ 
pression  groove  before  the  large  crack  jump  at  D7-A1,  which  cor¬ 
responds  to  the  largest  change  in  load  amplitude  for  P6.  The  crack 
Jump  due  to  this  load  change  was  equivalent  to  the  total  crack 
advance  due  to  the  three  following  cycles,  A12,  A23,  and  A34. 

Program  P7  was  similar  to  P6.  That  is.  Spectra  C,  B,  and 
A  were  easily  identified  on  the  f ractographs ,  and  Spectrum  D  did  not 
result  in  any  visible  cracking.  Each  change  of  maximum  load  at 
C66-61-A11  and  B55-51-A11  created  a  larger  striation  spacing,  as 
shown  in  Figure  25.  The  crack  jumps  and  the  corresponding  striation 
profiles  between  Spectra  B  and  A  are  sketched  in  Figure  6.  The 
sketch  shows  clearly  the  marked  difference  in  striation  spacing  be¬ 
tween  cycle  All-12  and  the  following  cycles  A22-23,  A33-34,  and  A44- 
A4D1,  although  all  these  cycles  had  the  same  load  amplitude  and  the 
same  maximum  load. 

Programs  P6  and  P7  proved  difficult  to  analyze,  with  too 
many  load  levels  and  too  few  cycles  at  each  load  level.  For  this 
reason.  Programs  P8,  P9,  and  P10  were  designed  and  tested.  Figure  22 
presents  a  plot  of  log  crack  length  versus  log  macroscopic  crack  growth 
rates  for  P8,  P9,  and  P10.  At  lower  growth  rates  P9  was  faster  than 
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Figure  24 


Typical  fracture  surface  due  to  Program  P6.  Note  the 
large  crack  jump  corresponding  to  D7-A1  (2a  =  .9  inch). 
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Figure  25  Typical  fracture  surface  due  to  Program  P7  (2a  - 
1.7  inches). 


Figure  26  Fracture  surface  topography  due  to  Program  P8. 
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P8,  while  the  random  program  P10  was  always  faster  than  P8  or  P9. 
Figures  26,  27,  28,  and  29  show  typical  fractographs  of  P8,  P9,  and 
P10.  Spectra  A  and  B  are  well  resolved,  with  all  the  striations  ac¬ 
counted  for.  The  cracking  due  to  Spectrum  C  cannot  be  resolved  on 
the  micrographs.  The  crack  jumps  due  to  change  in  maximum  load 
levels  P9-A20-C1  and  P9-C12-B1,  and  P9-B16-A1  are  clearly  Identified. 

The  average  microscopic  rates  of  crack  growth  per  load 
cycle  for  Spectra  A  and  B  of  Programs  P6,  P7,  P8,  and  P9  were  mea¬ 
sured  within  each  program  and  compared  with  the  larger  growth  rate 
(taken  as  unity)  corresponding  to  S  max  -  14,000  psi.  The  effect 
of  the  maximum  load  amplitude  on  the  relative  crack  growth  rate  per 
cycle  is  shown  in  Figure  30.  The  scatter  was  quite  large,  but  a 
relationship  of  the  type: 

rate  ■  constant (S  max)m 

could  be  written  to  represent  relative  crack  growth  rate.  At  a 
given  crack  length  and  for  a  constant  maximum  load,  m  varied  from 
two  to  three  at  large  S  max  to  three  to  five  at  smaller  S  max.  In 
the  same  figure  the  relative  microscopic  rates  confirm  the  fact  that 
P9  had  a  larger  growth  rate  than  P8.  This  can  be  explained  by  as¬ 
suming  a  crack  growth  retardation  in  Spectrum  B  of  P8  because  Spec¬ 
trum  B  followed  the  higher  load  level  of  Spectrum  A.  The  crack 
growth  retardation  could  be  due  to  a  work  softening  of  the  plastic 
zone  by  Spectrum  B  and  a  consequent  lower  crack  growth  rate. 


(2) 


Program  P10,  as  expected,  was  much  faster  than  P8  and  P9.11 
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Figure  28  Fracture  surface  topography  due  to  Program  P10 
(2a  -  .6  inch) . 


>,r 


41 


Figure  29  Fracture  surface  topography  due  to  Program  P10.  Note 
the  sharpness  of  the  striation  ridges,  indicating  a 
sharp  crack  tip  (2a  =  .6  inch). 
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Figure  30  Relative  crack  growth  rates  at  constant  load  amplitude, 
variable  maximum  loads,  for  Programs  P6,  P7,  P8,  and 
P9 . 
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The  large  number  of  high  load  rise  amplitudes  coupled  with  many 
changes  of  load  level  accounts  for  this  large  difference  In  growth 
rates.  In  Figures  28  and  29  the  striation  spaclngs  and  profiles  can 
be  related  to  the  applied  random  loads  If  S  max,  AS  ,  and  prior  S  max 
are  considered.  With  few  exceptions,  only  strlatlons  due  to  S  max  - 
14,000  psl  are  clearly  resolved.  This  Implies  that  S  max  effects  are 
more  Important  than  AS  or  prior  S  max  effects. 

Programs  Pll  and  P12  were  designed  to  show  that  cracking 
takes  place  only  during  the  opening  of  the  crack.  The  test  data  are 
reported  In  Figure  23,  which  shows  plots  of  crack  length  versus 
crack  growth  rates.  Spectrum  A  in  Pll  did  not  result  in  any  crack 
arrest  since  all  the  cycles  of  Spectrum  B  could  be  counted;  on  the 
contrary,  the  first  strlatlons  of  Spectrum  B  were  often  observed  to 
have  a  slightly  larger  spacing  than  the  last  one.  This  crack  ac¬ 
celeration  at  a  lower  level  following  a  high  load  level  was  not 
clearly  observed  in  P9. 

Program  P13  complements  Pll  and  P12.  In  Pll  and  P12  a  change 
of  maximum  load  level  Is  always  accompanied  by  a  change  of  load  am¬ 
plitude  and  it  is  impossible  to  separate  the  effect  of  load  level  and 
load  amplitude.  This  can  be  done  in  P13  by  comparing  the  striation 
spacing  due  to  cycles  A21-B1  with  the  following  cycles,  B22-2,  B33-3, 
etc.  It  can  be  seen  in  Figures  31  and  32  that  the  first  cycle  at  the 
higher  load  level  creates  a  larger  crack  advance  than  the  following 
cycles.  As  will  be  discussed  later,  this  can  be  explained  by  con- 


Figure  31  Fracture  surface  topography  due  to  Program  P13  (2a  = 
.9  inch). 


Figure  32 


Fracture  surface  topography  due  to  Program  P13.  Note 
the  large  striation  spacing  corresponding  to  A21-B1 
(2a  =  .9  inch) . 
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sidering  the  difference  in  notch  effect  due  to  different  crack  tip 
shapes  and  radii  prior  to  a  change  in  load  level. 

Computed  Crack  Growth  Rates 

An  available  computer  program  was  used  to  calculate  the 
crack  growth  rates  of  all  the  programs  tested.  The  crack  growth 
data  used  in  the  computer  program  were  taken  from  previous  tests  at 
constant  S  max  and  constant  4S  values.  These  "in  house"  data  cor¬ 
respond  to  different  heats  of  material,  and  the  difference  between 
computed  and  measured  growth  rates  can  be  attributed  to  chemistry, 
environment,  and  testing  variables.  However,  since  one  practical 
aim  of  fatigue  cracking  tests  is  to  predict  random  and  programmed 
crack  growth  from  load-crack  growth  data,  an  attempt  was  made  to 
use  these  data  for  our  programs.  The  computer  calculated  the  crack 
advance  for  each  load  cycle  and  consequently  took  into  account  the 
large  changes  in  load  amplitude  at  each  change  of  maximum  load  level. 
The  computed  data  showing  crack  length  versus  number  of  periods  are 
given  in  Appendix  II.  Figures  11,  12,  21,  22,  and  23,  giving  crack 
length  versus  crack  growth  rates  also  show  the  computed  curves  of 
crack  length  versus  growth  rates. 

All  the  computed  growth  rates  were  slower  than  the  observed 
macroscopic  rates  for  the  same  crack  length  between  2a  -  0.5  inch 
and  2a  •  2  inches.  At  larger  crack  lengths  the  computed  rates  were 
equal  to  the  observed  rates,  and,  in  many  cases,  at  very  large  crack 
lengths  the  computed  rates  were  faster  than  the  observed  rates.  We 
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see  that  the  computed  growth  rates  differ  from  the  measured  rates  by 
a  factor  less  than  two,  but  the  calculated  rates  are  not  conserva¬ 
tive  In  the  long  life  region.  This  conclusion  is  better  illustrated 
in  Table  IV,  which  compares  the  measured  and  calculated  number  of 
periods  to  achieve  the  same  crack  growth  (from  .5  inch  to  near 
critical  crack  length).  The  column  giving  shows  the  deviation 

from  Miner's  rule. 


IV.  DISCUSSION 

The  different  program  load  sequences  have  clearly  demon¬ 
strated  that  crack  extension  in  2024-T3  aluminum  alloy  occurs  only 
during  the  stress  rise  part  of  a  load  cycle,  but  the  striation 
profile  and  appearance  depend  on  both  the  loading  and  unloading 
amplitudes  of  the  load  cycle.  The  smallest  striation  spacing  ob¬ 
served  was  of  the  order  of  one  ulnch  or  250  A.  The  resolving  power 
of  the  replicating  technique  is  approximately  100  X.  In  all  the 
programmed  load  tests,  whenever  the  striations  were  defined  well 
enough  to  be  easily  counted,  we  found  a  perfect  one-to-one  correla¬ 
tion  between  the  number  of  striations  and  the  number  of  load  cycles 
in  a  spectrum.  In  the  random  programs,  P5  and  P10,  correlating 
striation  spacing  to  load  cycles  in  the  program  was  more  difficult, 
but  with  some  time  and  effort  it  was  done  for  all  the  micrographs 
taken.  With  training  one  can,  by  looking  at  a  random  load  spectra, 
select  the  load  levels  and  load  amplitudes  which  will  account  for 
the  largest  striation  spacings  observed  on  the  fracture  surface.  In 
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CALCULATION  OF  FOR  CRACK  PROPAGATION 


(2a  -  .5  inch) 


Prog rams 

2a* 

N  Calculated 

n  Measured 

B 

Alloy  2024-T3 

PI 

6.00 

7956 

4950 

.625 

P2 

6.00 

7956 

5  340 

.675 

P3 

6.50 

5526 

36  39 

.658 

P4 

5.40 

5526 

3639 

.658 

P5 

6.50 

5526 

3610 

.650 

P6 

5.80 

12151 

10755 

.885 

P7 

4.59 

13320 

11900 

.900 

P8 

5.80 

4440 

3855 

.870 

P9 

5.30 

4450 

3675 

.830 

P10 

2.80 

3500 

2275 

.650 

Pll 

2.90 

8970 

7900 

.885 

P12 

5.80 

6942 

5060 

.730 

P13 

— 

— 

Alloy  7075-T6 

PI 

4.08 

5500 

2700 

.490 

P2 

3.69 

5410 

3981 

.730 

P6 

2.70 

3468 

3275 

.945 

P7 

2.26 

3460 

2450 

.710 

*  2a  represents 

the  maximum  crack  length 

calculated  by  the 

compute: 

program. 
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summary,  this  work  was  very  valuable  in  gaining  an  understanding  of 
the  mechanisms  of  formation  and  the  appearance  of  fatigue  striations. 
This  understanding  is  being  directly  applied  to  the  evaluation  of 
crac^  propagation  in  test  components  and  service  parts  subjected  to 
simulated  or  real  load  programs. 

The  microscopic  crack  growth  rate  measurements  for  Programs 
PI  to  P5  and  P6  to  P12  yield  the  following  empirical  equation  of 
crack  growth  rate  by  combining  Equations  (1)  and  (2): 

growth  rate  ■  constant  (AS)n(S  max)m 

Like  the  measurements  from  which  it  is  derived,  this  empirical  equa¬ 
tion  gives  a  relative  change  of  growth  rate  at  a  given  crack  length 
for  relative  changes  of  AS  and  S  max.  Equation  (3)  applies  to  a 
stabilized  growth  rate  with  uniform  striatlon  spacings  at  a  given 
AS  and  S  max  load  level.  It  does  not  apply  exactly  to  the  growth 
rate  corresponding  to  the  one  large  striatlon  created  by  the  first 
load  cycle  of  a  higher  load  level.  The  exponent  n  varies  from 
one  to  three  and  up  to  four  for  decreasing  values  of  AS.  For  AS 
ranging  from  8000  psi  to  11,400  psi  it  is  surprising  to  find  n  »  1, 
since  Paris18  has  shown  that  n  •  4  is  a  general  trend  in  fatigue 
crack  growth.  The  only  explanation  for  this  difference  can  be  given 
in  terms  of  S  max.  Most  of  the  tests  with  variable  AS  were  conducted 
(see  Schljve)  at  constant  S  mean,  which  means  that  S  max  varies  at 
the  same  time  as  AS;  consequently  the  changes  of  growth  rates  are 
the  result  of  combined  changes  of  AS  and  S  max.  As  it  will  be  shown 
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later,  changes  of  S  max  can  markedly  influence  the  growth  rates. 

It  would  be  Interesting  to  do  more  testing  to  measure  accurately 
the  dependence  of  growth  rates  on  AS  at  constant  S  max.  For  AS 
varying  from  8000  psi  to  6000  psi  and  2000  psi  n  increases  to 
two  or  three.  This  increase  corresponds  to  smaller  growth  rates 
than  expected  at  low  AS  as  a  result  of  crack  retardation,  or 
even  arrest,  following  the  application  of  loads  with  a  large  AS 
The  most  striking  result  at  constant  S  max  is  the  independence  of 
the  crack  growth  rate  with  respect  to  the  sequence  of  load  ampli¬ 
tude  application. 

In  Equation  (3)  the  exponent  m  ,  which  relates  S  max  to 
the  growth  rate,  varies  from  three  to  four  and  up  to  five  when  S  max 
varies  from  14,000  psi  to  10,000  psi.  Schljve  had  found  m  =  3. 

This  large  dependence  of  the  crack  growth  rate  on  the  maximum  stress 
level  accounts  for  the  marked  change  in  strlation  spacing  whenever 
the  maximum  load  level  is  changed.  It  also  explains  the  fact  that 
in  a  random  load  test  the  peak  loads  result  in  large  crack  jump  with 
large,  well-defined  striations. 

Table  IV  shows  that  the  prediction  of  crack  growth  rates, 
using  Miner's  rule,  was  unconBervative  for  all  the  test  programs  run. 
It  is  interesting  to  note  that  the  prediction  was  better  for  the 
Programs  P6  to  P12  with  variable  maximum  loads,  than  for  Programs 
PI  to  P5  with  constant  maximum  loads.  This  can  be  easily  explained 
if,  for  Programs  P6  to  P12  the  higher  load  levels  have  a  marked  de- 
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celerating  effect  on  crack  propagation  at  the  lower  load  levels. 

In  Table  IV  it  is  also  interesting  to  note  that 
for  the  pseudorandom  Program  P10  is  much  smaller  than  for  the  other 
Programs  P8  and  P9,  which  shows  that  estimation  of  rt.idom  load 
crack  growth  rates  is  less  accurate  than  estimation  of  programmed 
load  growth  rates. 


It  is  clear  by  now  that  the  application  of  Miner's  rule 
to  predict  crack  growth  rates  does  not  give  a  satisfactory  answer. 
For  the  tests  reported  here  we  found  varying  from  .65  to 

.85  (unconservative  prediction),  while  Schijve11  found  values  of 
2Jn  “  3  for  programmed  load  tests  with  peak  overloads.  In  order 
to  be  able  to  predict  crack  growth  rates  for  random  and  program 
loads  we  have  to  be  able  to  account  quantitatively  for  the  three 
following  observations: 


1.  Crack  acceleration  or  crack  deceleration, 

2.  Crack  arrest, 

3.  Crack  jump  at  a  change  of  load  level. 

Crack  Acceleration  or  Crack  Deceleration 

It  is  well  known'*  that  high  stress  amplitudes  have  a  de¬ 
celerating  effect  on  the  subsequent  crack  propagation  rates  at  a  lower 


stress  amplitude  and  vice  versa  for  the  reverse  sequence  of  low-high 
loads.  Hardrath21  shows  (using  his  symbolic  writing)  that  values  of 


B 

times 


for  the  following  sequence  [>£>  are  equal  to  two  or  three 
the  value  of  for  the  sequence  .  The  overall 
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growth  rates  for  Programs  P6  and  P7,  P8  and  P9  were  not  markedly  dif¬ 
ferent,  although  these  programs  are  of  the  same  type  as  the  programs 
run  by  Hardrath.  The  difference  between  Hardrath's  tests  and  ours  is 
probably  due  to  the  limited  number  of  cycles  at  each  load  level  in 
our  programs.  The  difference  in  gtowth  rate  at  the  lower  load  levels 
is  not  as  striking  as  would  be  expected  for  a  large  number  of  cycles. 

The  accelerating  and  decelerating  effect  is  difficult  to 
measure  by  electron  f ractography .  It  requires  a  comparison  of  ab¬ 
solute  measurements  of  growth  rates  (strlatlon  spacing)  at  the  same 
crack  length  or  the  same  stress  intensity  factor  between  two  dif¬ 
ference  fracture  surfaces.  The  scatter  in  the  measurements  of  stri- 
atlon  spacing  does  not  allow  an  accurate  comparison.  On  the  other 
hand,  local  changes  of  growth  rates  are  easier  to  measure,  and  we  have 
observed  in  the  case  of  Pll  that  the  first  B  cycles  (17,000  psi) 
immediately  following  four  A  cycles  (14,000  psi)  result  in  a  larger 
strlatlon  spacing  than  the  last  B  cycles.  Hertrberg20  has  made  a 
similar  observation  for  similar  Ic'd  programs.  Therefore,  in  this 
case  it  seems  that  an  abrupt  decrease  in  load  level  is  accompanied 
by  a  slow  decrease  in  growth  rates  at  the  lower  load  level.  The 
larger  growth  rates  at  the  lower  load  level  are  certainly  due  to  the 
fact  that  the  material  near  the  crack  tip  had  been  subjected  to  a 
deformation  strain  very  close  to  the  fracture  strain,  making  cracking 
easy  even  at  a  lower  load  level. 

Crack  Arrest 


After  a  high  posit: /e  load,  crack  propagation  at  a  lower 
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load  level  stops  or  Is  delayed  for  a  certain  number  of  cycles.  (Schijve,11 
Plunkett17)  In  our  programs  crack  arrest  was  observed  for  PI,  P2,  P6, 

P7,  P8,  and  P9,  and  in  each  case  only  for  the  lowest  load  amplitude, 
or  the  lowest  load  level  spectrum.  It  should  be  pointed  out  that  crack 
arrest  in  some  cases  has  been  observed  at  the  surface  of  a  test  spe¬ 
cimen,  but  fractography  shows  that  crack  propagation  is  proceeding 
at  the  lower  load  level  in  the  plane  strain  region,  resulting  in  a 
"tunneling"  of  the  crack  front  in  the  center  of  the  test  specimen. 

In  general,  however,  crack  arrest  seems  to  take  place  over  the  whole 
crack  front.  Schijve11  explains  crack  arrest  on  the  basis  of  the 
building  up  and  the  elimination  of  residual  stresses.  This  general 
explanation  would  need  some  experimental  evidence  to  support  it.  For 
instance,  the  work  of  Hardrath22  who  measures  the  cyclic  plastic 
stresses  at  a  notch  root,  should  be  extended  to  see  the  rate  of  change 
of  the  residual  stresses  as  a  function  of  a  change  of  load  amplitude. 

It  can  also  be  said  that  we  have  paid  little  attention  so  far  to 
the  cyclic  stress-strain  hardening  curve  and  how  we  can  change  the 
work-hardened  state  of  a  material  from  a  monotonic  workhardening  to 
a  cyclic  workhardening.  Following  the  application  of  a  peak  over¬ 
load  there  is  formation  of  a  plastic  zone  at  the  tip  of  the  crack 
which  has  been  monotonically  work-hardened.  It  is  going  to  take  a 
certain  number  of  load  cycles  to  reach  the  cyclic  workhardening  state 
typical  of  the  plastic  zone  which  controls  fatigue  cracking.  When 
the  plastic  strain  distribution  within  the  plastic  zone  is  found  it 
will  be  possible  to  simulate  the  workhardening  behavior  of  the  plastic 
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rone  with  teat  bars  subjected  to  controlled  atrain  amplitudes  in¬ 
creasing  in  the  same  way  as  the  plastic  strains  at  the  tip  of  a 
fatigue  crack. 

Crack  Jump  at  a  Change  of  Load  Level 

A  typical  example  is  shown  in  Figure  33  where  the  first  of 
six  cycles  at  28,450  psi  corresponds  to  a  large  crack  jump.  Similar 
observations  were  made  with  Programs  P6  to  P13.  It  is  felt  that  the 
crack  tip  radius  and  the  related  stress  concentration  factor  will 
markedly  influence  the  crack  advance  on  the  application  of  the  first 
higher  load  cycle. 

Although  we  partly  understand  the  sequence  of  strlatlon 
formation  right  at  the  crack  tip,  we  still  do  not  know  the  exact 
shape  and  else  of  the  crack  tip.  It  is  difficult  to  see  how  we  can 
get  a  better  crack  tip  image  with  the  existing  tools  and  techniques. 
At  this  stage  it  is  convenient  to  assume  a  uniform  crack  tip  shape, 
with  the  crack  tip  radius  r  becoming  an  important  variable  deter¬ 
mining  the  intensity  of  the  stress  concentration  at  the  tip  of  the 
crack.  In  a  first  approximation  it  seems  that  r  is  closely  related 
to  the  width  of  the  part  of  the  strlatlon  created  during  the  closing 
mode  of  the  crack,  which  is  a  measure  of  the  resharpening  of  the 
crack  tip  during  unloading.  In  the  case  of  random  load  programs,  re¬ 
sharpening  of  the  crack  tip  to  a  very  small  r  value  will  be  due 
to  all  the  small  load  amplitude,  low  level  load  cycles.  The  peak 
overload  will  be  more  damaging  in  a  random  load  sequence  than  in  a 


program  sequence  because  of  the  larger  stress  concsntratlon  st  the 
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Figure  33a  (courtesy  of  Rutkiewicz  and  Mavec,  Wichita  Division) 

Note  the  large  crack  jump  occurring  on  the  application 
of  the  first  large  load.  The  spacing  of  the  first 
striation  is  larger  than  for  the  following  five  stri- 
ations,  although  the  load  amplitude  and  level  are  the 
same.  Use  with  Figure  33b  to  form  a  stereo  image,  and 
note  the  difference  in  crack  tip  profile  after  1125 
cycles  at  18,350  psi  and  at  each  of  the  large  load 
cycles  (28,450  psi). 
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Figure  33b  (courtesy  of  Rutkiewicz  and  Mavec,  Wichita  Division) 

Note  the  large  crack  jump  occurring  on  the  application 
of  the  first  large  load.  The  spacing  of  the  first 
striation  is  larger  than  for  the  following  five  stri- 
ations,  although  the  load  amplitude  and  level  are  the 
same.  Use  with  Figure  33a  to  form  a  stereo  image,  and 
note  the  difference  in  crack  tip  profile  after  1125 
cycles  at  18,350  psi  and  at  each  of  the  large  load 
cycles  (28,450  psi). 
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crack  tip  due  to  a  smaller  crack  tip  radius.  The  sharpness  of  the 
crack  tip  can  be  qualitatively  observed  In  Figures  28  and  29,  where 
the  ridges  of  the  striatlons  are  very  sharp.  The  difference  be¬ 
tween  random  and  program  loading  will  be  more  marked  at  the  slower 
growth  rate  where  the  crack  tip  is  much  sharper.  This  was  observed 
by  Paris16  and  Smith,16  who  found  that  random  loading  is  faster 
than  sinusoidal  loading  for  growth  rates  below  10~5  or  10~4  Inches/ 
cycle.  It  should  also  be  mentioned  that  crack  tip  blunting  under 
a  peak  overload  may  account  for  part  of  the  crack  arrest  phenomena. 

On  the  other  hand,  continuous  crack  tip  resharpening  in  a  corrosive 
medium  explains  the  acceleration  of  crack  growth  rates  In  corrosion 
fatigue. 

In  summary,  it  can  be  said  that  the  Importance  of  the 
crack  tip  radius  and  the  associated  stress  and  strain  concentration 
factors  has  been  underestimated  In  all  the  analysis  of  the  mechanisms 
of  fatigue  crack  propagation.  Also,  before  we  can  understand  the 
complex  fatigue  crack  propagation  behavior  of  a  material  under  pro¬ 
gram  or  random  loads  it  will  be  necessary  to  have  a  better  knowledge 
of  the  cyclic  workhardening  which  takes  place  In  the  plastic  zone. 

Our  present  work  has  not  given  an  answer  to  these  two  challenging 
problems.  However,  we  have  been  able  to  appraise  the  important  con¬ 
tribution  that  the  techniques  of  fractography  can  provide  in  this 
field  of  research.  Further  tests  with  higher  peak  overloads  to  create 
larger  creek  jumps  and  crack  arrest  are  underway.  The  number  of 
cycles  at  a  given  stress  level  has  been  Increased  markedly  In  order 
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Co  measure  changes  in  rates  due  to  arrest  or  deceleration.  In  the 
long  range  this  type  of  work  is  aimed  at  determining  the  different 
parameters  which  control  growth  rates  in  order  to  establish  a  set 
of  relationships  which  can  be  used  first  for  the  analysis,  and  then 
for  the  prediction  of  cumulative  damage. 

V.  SUMMARY 

In  this  paper  it  has  been  shown  that  fatigue  crack  pro¬ 
pagation  tests  under  program  and  random  loads,  combined  with  a 
study  of  striatlon  counts  and  spacing  measurements  by  electron 
microscopy,  have  given  us  a  better  understanding  of  the  mechanisms 
of  fatigue  cracking.  The  main  findings  with  respect  to  aluminum 
alloy  2024-T3  are  as  follows: 

1.  The  advance  of  the  fatigue  crack  front  takes 
place  only  during  the  stress  rise  portion  of 
a  cycle. 

2.  The  profile  or  sides  of  a  striatlon  are  re¬ 
lated  to  the  loading  and  unloading  sequence 
of  a  load  cycle. 

3.  Microscopic  crack  growth  rates  were  measured 
as  a  function  of  load  amplitudes  AS  and 
maximum  loads  S  max  and  an  empirical  crack 
growth  rate  equation  was  obtained: 

crack  growth  rate  ■  constant  (AS)n(S  max)” 


This  aquation  relates  the  relative  growth  rates 
at  a  given  crack  length  under  program  loading. 

In  random  load  progrma  with  constant  S  max  , 
the  growth  rate  le  the  sue  aa  the  programed 
spectra  rates.  Mo  sequencing  effect  le  ap¬ 
parent  In  changes  In  AS  alone. 

In  random  load  programs  with  variable  S  max  , 
the  crack  grwth  rates  were  higher  than  for  the 
equivalent  programmed  load  programs.  The  Im¬ 
portance  of  the  crack  tip  radius  In  controlling 
crack  rates  for  random  loads  was  pointed  out. 


The  measured  crack  growth  rate  of  program  and 
random  load  crack  propagation  tests  were  com¬ 
pared  with  rates  calculated  by  a  computer  pro¬ 
gram.  The  computed  rates  are  not  conservative 
but  they  do  not  differ  from  the  measured  rates 
by  a  factor  of  more  than  two.  The  application 
of  Miner's  rule  resulted  in  values  of 

the  order  of  .650  for  the  constant  maximum 
load  programs  and  of  .850  for  the  variable 


maximum  load  programs. 
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APPENDIX  I  -  TEST  DATA 


Program  PI 

Alloy  7075  T6 


Program  P6 
Alloy  7075  T6 


Program  P2 
Alloy  7075  T6 


Program  P7 
Alloy  7075  T6 


Perloda 

Crack 

Perloda 

Crack 

Number 

Length 

Number 

Lenght 

N 

2a 

N 

2a 

0 

0.494 

0 

0.502 

375 

0.506 

200 

0.510 

475 

0.535 

300 

0.523 

550 

0.553 

450 

0.547 

650 

0.575 

600 

0.582 

750 

0.599 

750 

0.624 

850 

0.645 

900 

0.652 

950 

0.673 

1050 

0.692 

1100 

0.756 

1200 

0.733 

1250 

0.828 

1400 

0.790 

1400 

0.912 

1600 

0.855 

1550 

0.990 

1820 

0.941 

1700 

1.124 

2000 

1.028 

1850 

1.256 

2150 

1.118 

1950 

1.365 

2250 

1.170 

2050 

1.492 

2400 

1.230 

2150 

1.649 

2550 

1.457 

2250 

1.818 

2650 

1.484 

2350 

2.063 

2700 

1.547 

2450 

2.318 

2800 

1.592 

2550 

2.686 

2900 

1.691 

2600 

2.923 

3000 

1.821 

2650 

3.254 

3100 

2.011 

2700 

4.080 

3150 

2.133 

2712 

3200 

2.280 

3225 

2.431 

3250 

2.573 

3275 

2.718 

3300 

2.942 

3315 

Perloda 

Crack 

Perloda 

Crack 

Number 

Length 

Number 

Length 

N 

2a 

N 

2a 

0 

0.539 

0 

0.505 

200 

0.549 

300 

0.529 

506 

0.594 

500 

0.377 

750 

0.619 

700 

0.619 

1000 

0.657 

900 

0.691 

1250 

0.663 

1100 

0.765 

1500 

0.734 

1300 

0.849 

1750 

0.811 

1500 

0.956 

2050 

0.946 

1720 

1.076 

2300 

1.072 

1900 

1.198 

2550 

1.163 

2100 

1.418 

2750 

1.366 

2200 

1.529 

2850 

1.455 

2350 

1.814 

2952 

1.561 

2400 

1.986 

3100 

1.724 

2450 

2.268 

3250 

1.896 

2499 

3500 

2.248 

3600 

2.432 

3750 

2.700 

3850 

3.042 

3950 

3.686 

3981 
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Program  PI 
Alley  2024  T3 


Program  P2 
Alloy  2024  T3 


Program  P3 
Alloy  2024  T3 


Program  P4 
Alloy  2024  T3 


Period* 

Crack 

Number 

Length 

N 

2a 

0 

0,498 

0.249 

250 

0.517 

0.258 

600 

0.566 

0.283 

1000 

0.628 

0.314 

1600 

0.764 

0,382 

2000 

0.914 

0.457 

2500 

1.110 

0.550 

3100 

1,466 

0.733 

3500 

1,784 

0.892 

4100 

2,479 

1.240 

4400 

3,001 

1.500 

4500 

3.233 

1.616 

4750 

4.051 

2.025 

4850 

4.646 

2.323 

4925 

5,326 

2.663 

4940 

5.75 

2,87 

4945 

5,85 

2,92 

4950 

6,00 

3,00 

4955 

Period* 

Crack 

Period* 

Number 

Length 

Number 

N 

2a 

N 

0 

0.509 

0 

500 

0.537 

250 

1125 

0.643 

500 

1750 

0.833 

600 

2300 

0.982 

750 

2750 

1.149 

900 

3550 

1.540 

1050 

4000 

1.933 

1200 

4500 

2.548 

1400 

5000 

3.642 

1600 

5250 

4.80 

1850 

5300 

5.27 

2050 

5325 

5.55 

2175 

5355 

6.40 

2275 

5360 

2375 

2475 

2600 

2700 

2800 

2900 

3000 

3125 

3200 

3300 

3400 

3450 

3550 

3575 

3590 

3595 

3600 

3605 

3610 

3615 

3620 

3625 

3630 

3635 

3639 


Creek 

Period* 

Crack 

Length 

Number 

Length 

2a 

N 

2a 

0.492 

0 

0.521 

0.502 

125 

0.530 

0.555 

200 

0.545 

0.589 

275 

0.568 

0.643 

350 

0.586 

0.684 

475 

0.654 

0.730 

550 

0.702 

0.798 

650 

0.778 

0.886 

750 

0.865 

0.983 

850 

0.958 

1.121 

950 

1.070 

1.279 

1050 

1.203 

1.371 

1150 

1.346 

1.467 

1225 

1.479 

1.573 

1375 

1.789 

1.655 

1400 

1.855 

1.800 

1475 

2.063 

1.916 

1550 

2.303 

2.050 

1600 

2.519 

2.206 

1650 

2.751 

2.386 

1700 

3.020 

2.650 

1750 

3.389 

2.830 

1800 

3.87 

3.128 

1825 

4.18 

3.490 

1850 

4.63 

3.77 

1875 

5.42 

4.50 

4.80 

5.00 

5.08 

5.18 

5.26 

5.37 

5.48 

5.59 

5.77 

5.95 

6.33 

Failed 
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Prograa  PS 
Alloy  2026  T3 


Program  P6 
Alloy  2024  T3 


Program  P7 
Alloy  2024  T3 


Program  P8 
Alloy  2024  T3 


Parloda 

Crack 

Number 

Length 

N 

2a 

0 

0.512 

350 

0.529 

450 

0.552 

650 

0.596 

775 

0.627 

910 

0.677 

1050 

0.716 

1200 

0.775 

1350 

0.831 

1550 

0.941 

1710 

1.025 

1850 

1.104 

2000 

1.203 

2100 

1.287 

2200 

1.358 

2325 

1.473 

2450 

1.592 

2560 

1.722 

2650 

1.843 

2775 

2.010 

2875 

2.177 

3000 

2.417 

3100 

2.650 

3150 

2.780 

3200 

2.920 

3250 

3.093 

3310 

3.310 

3350 

3.479 

3400 

3.750 

3425 

3.880 

3450 

4.020 

3475 

4.180 

3500 

4.350 

3525 

4.620 

3540 

4.750 

3570 

5.150 

3580 

5.320 

3590 

5.520 

3600 

5,800 

3605 

6.010 

3610 

6.270 

3613 

Parloda 

Cracka 

Number 

Length 

N 

2a 

0 

0.513 

500 

0.524 

1000 

0.550 

1600 

0.602 

2000 

0.618 

2500 

0.672 

3000 

0.733 

3500 

0.807 

4000 

0.876 

4500 

0.975 

5000 

1.077 

5500 

1.184 

6000 

1.318 

6750 

1.539 

7500 

1.817 

8100 

2.083 

8600 

2.383 

9200 

2.798 

9800 

3.426 

10125 

3.821 

10250 

4.036 

10300 

4.16 

10350 

4.24 

10450 

4.48 

10525 

4.71 

10650 

5.12 

10675 

5.25 

10700 

5.37 

10725 

5.55 

10750 

5.74 

10775 

6.04 

10780 

6.14 

10785 

6.24 

10790 

Parloda 

Crack 

Number 

Length 

N 

2a 

0 

0.501 

900 

0.531 

1200 

0.547 

1600 

0.582 

2000 

0.620 

2450 

0.664 

2900 

0.719 

3500 

0.804 

4118 

0.907 

4500 

0.951 

5400 

1.120 

5800 

1484 

6307 

1.295 

6800 

1.444 

7300 

1.569 

7700 

1.718 

8000 

1.835 

8300 

1.958 

8600 

2.072 

9400 

2.475 

9800 

2.650 

10000 

2.818 

10200 

2.956 

10400 

3.122 

10600 

3.299 

10800 

3.466 

11000 

3.684 

11200 

3.925 

11405 

4.245 

11600 

4.588 

11900 

5.722 

11921 

Parloda 

Crack 

Number 

Length 

N 

2a 

0 

0.5254 

300 

0.5574 

650 

0.637 

1000 

0.729 

1375 

0.859 

1700 

0.993 

1975 

1.131 

2250 

1.312 

2500 

1.534 

2775 

1.817 

3000 

2.123 

3200 

2.460 

3300 

2.687 

3400 

2.882 

3550 

3.35 

3650 

3.75 

3725 

4.13 

3750 

4.29 

3775 

4.47 

3800 

4.77 

3815 

5.02 

3830 

5.20 

3840 

5.45 

3850 

5.70 

3860 

5.92 

3867 
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Program  P9 
Alloy  2024  T3 


Program  P10 
Alloy  2024  T3 


Program  Pll 
Alloy  2024  T3 


Program  P12 
Alloy  2024  T3 


Periods 

Crack 

Period* 

Crack 

Period* 

Crack 

Periods 

Crack 

Number 

Length 

Number 

Length 

Number 

Length 

Number 

Length 

N 

2a 

N 

2a 

N 

2a 

N 

2a 

0 

0.499 

0 

0.511 

0 

0.505 

0 

0.492 

250 

0.525 

150 

0.524 

250 

0.513 

400 

0.505 

300 

0.572 

300 

0.567 

500 

0.519 

800 

0.585 

750 

0.643 

500 

0.622 

750 

0.525 

1125 

0.626 

1000 

0.723 

700 

0.713 

1000 

0.543 

1725 

0.762 

1250 

0.823 

950 

0.845 

1250 

0.570 

1825 

0.785 

1500 

0.931 

1125 

0.967 

1500 

0.592 

2000 

0.848 

1750 

1.066 

1250 

1.050 

1750 

0.620 

2250 

0.930 

2000 

1.240 

1400 

1.189 

2000 

0.648 

2400 

0.977 

2250 

1.438 

1550 

1.380 

2200 

0.675 

2600 

1.070 

2600 

1.792 

1700 

1.573 

2500 

0.722 

2925 

1.230 

2800 

2.077 

1900 

1.878 

2750 

0.751 

3250 

1.417 

3000 

2.382 

2110 

2.322 

3100 

0.815 

3525 

1.636 

3208 

2.819 

2275 

2.844 

3400 

0.870 

3850 

1.921 

3303 

3.072 

2400 

3.50 

3700 

0.941 

4100 

2.210 

3406 

3.402 

2520 

4.73 

4050 

1.023 

4350 

2.575 

3452 

3.600 

2553 

4350 

1.108 

4500 

2.859 

3504 

3.88 

4700 

1.239 

4625 

3.19 

3575 

4.28 

5050 

1.329 

4700 

3.38 

3625 

4.70 

5500 

1.508 

4800 

3.71 

3675 

5.37 

5900 

1.700 

4900 

4.18 

3700 

Palled 

6200 

1.858 

5000 

4.90 

6500 

2.039 

5025 

5.20 

6950 

2.372 

5050 

5.62 

7200 

2.585 

5070 

6.30 

7900 

2.893 
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Program  P13 
Alloy  2024  T3 


Periods 

Crack 

Number 

Length 

N 

2a 

0 

0.504 

300 

0.511 

600 

0.592 

700 

0.626 

850 

0.674 

1000 

0.760 

1175 

0.815 

1400 

0.961 

1605 

1.070 

1800 

1.225 

1925 

1.335 

2075 

1.480 

2200 

1.623 

2350 

1.625 

2450 

1.976 

2605 

2.247 

2680 

2.405 

APPENDIX  II  -  COMPUTER  PROGRAMS 


PROGRAM  PI  CRACK  GROWTH  IN  2024  T3  PANELS 


FCR  THIS  SET  OF  C0N01TiUNS» 


IF  E  NUMBER  CF  FLIGHTS  TAKEN  IS  7968 


THE  CRACK  LENGTH  REACHED  IS  3.27102  INCHES 


TFE  CCNTRCL  CRACK  LENGTH  SPECJF1E0  IS  3.25000  INCHES 


1GHT  t 

CRACK  LENGTH 

IS? 

G. 255001 

318 

0.260228 

477 

0.265695 

636 

0.271416 

795 

0.277408 

934 

0.283668 

1113 

C. 290276 

1272 

0.297201 

1431 

0.304468 

1S9C 

0.312144 

1749 

0.320192 

1908 

0.328652 

2067 

0.337545 

2226 

0.346890 

2385 

0.356708 

2S44 

0.367015 

2703 

0.377825 

2862 

0.389151 

2C21 

C. 400710 

3180 

0.412714 

333? 

0.425281 

3498 

0.438459 

3657 

0.452299 

3816 

0.466660 

3975 

0.482211 

4134 

0.498429 

FLIGHT 

CRACK  LENGTH 

4293 

0.515707 

4452 

0.534070 

4611 

0.553572 

4770 

0.574308 

4929 

0.596378 

5088 

0.619890 

5247 

0.644876 

5406 

0.671515 

5565 

0.700916 

5724 

0.732789 

5883 

0.767326 

6042 

0.804890 

6201 

0.845348 

6360 

0.889468 

6519 

0.938342 

6678 

0.993105 

6837 

1.055434 

6996 

1.128334 

7155 

1.217298 

7314 

1.327602 

7473 

1.470291 

7632 

1.668310 

7791 

1.990210 

7950 

2.887476 

7968 

3.271015 
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PROGRAM 

P2  CRACK  GROWTH  IN  2024 

T3  PANELS 

FCR  THIS 

SET  OF  CONDITIONS! 

Tt-t 

NUMBER  OF  FLIGHTS  TAKEN 

IS  7968 

TFE 

CRACK  LENGTH  REACHEO  IS 

3.26254 

INCHES 

TFE 

CCNTRCL  CRACK  LENGTH  SPECIFIED  IS 

3.25000  INCHES 

FLIGHT, 

CRACK  LENGTH 

FLIGHT 

CRACK  LENGTH 

155 

0.2554J02 

4293 

0.515720 

31E 

0.260229 

4452 

0.534084 

477 

0.265695 

4611 

0.553587 

636 

0.271417 

4770 

0.574324 

7SJ 

0.277409 

4929 

0.596395 

554 

0.283690 

5086 

0.619909 

1113 

0.290278 

5247 

0.644895 

1272 

0.297204 

5406 

0.671535 

1431 

0.304491 

5565 

0.700939 

159C 

0.312148 

5724 

0.732814 

1745 

C. 320197 

5883 

0.767353 

15CE 

C. 32 8657 

6042 

0.804918 

2067 

0.337550 

6201 

0.845379 

2226 

0.346896 

6360 

0.869501 

23E5 

0.356715 

6519 

0.938378 

2544 

0.367022 

6676 

0.993142 

2703 

0.377833 

6837 

1.055470 

2662 

0.389159 

6996 

1.128352 

3021 

C. 400718 

7155 

1.217305 

3180 

0.412722 

7314 

1.327593 

33  J  5 

0.425291 

7473 

1.470257 

349  6 

0.436468 

7632 

1.668215 

3657 

0.452309 

7791 

1.989930 

3816 

0.466671 

7950 

2.884441 

3575 

C. 482223 

7968 

3.262541 

4134 

0.498441 
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PROCRAM 

P3  CRACK  GROWTH  IN  2024 

T3  PANELS 

FOR  THIS 

SET  OF  CONDITIONS, 

THE 

NUMBER  OF  FLIGHTS  TAKEN 

IS  5526 

THE 

CRACK  LENGTH  REACHED  IS 

3,26622 

INCHES 

THE 

CONTROL  CRACK  LENGTH  SPECIFIED  IS 

3.25000  INCHES 

IGHT , 

CRACK  LENGTH 

FLIGHT 

CRACK  LENGTH 

111 

0.254990 

2886 

0.498631 

222 

0.260203 

2997 

0.516248 

333 

0.265653 

3109 

0. 534999 

444 

0.271354 

3219 

0.554954 

555 

0.277323 

3330 

0.576216 

666 

0.283575 

3441 

0.598894 

777 

0.290129 

3552 

0.623108 

988 

0.297006 

3663 

0.648890 

999 

0.304226 

3774 

0.676511 

1110 

0.311808 

3885 

0.707173 

1221 

0.319773 

3996 

0.740365 

1332 

0.328144 

4107 

0.776412 

1443 

0.336942 

4218 

0.815694 

1554 

0.346191 

4329 

0.857720 

1665 

0.355912 

4440 

0.903897 

1776 

0.366126 

4551 

0.955213 

1987 

0.376854 

4662 

1.012947 

1998 

0.389113 

4773 

1.079113 

2109 

0.399705 

4884 

1.157810 

2220 

0.411762 

4995 

1.254227 

2331 

0.424416 

5106 

1.375048 

2442 

0.43771 8 

5217 

1.533539 

2553 

0.451723 

5328 

1.760944 

2664 

0.466495 

5439 

2.165308 

2775 

0.482104 

5526 

3.266218 
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PROGRAM 

P5  CRACK  GROWTH  IN  2024  T3  PANELS 

FOR  THIS 

SET  OF  CONDITIONS, 

THE 

NUMBER  OF  FLIGHTS  TAKEN  IS  5526 

THE 

CRACK  LENGTH  REACHED 

IS  3.25610 

INCHES 

THE 

CONTROL  CRACK  LENGTH 

SPECIFIED  IS 

3.25000  INCHES 

IGMT, 

CRACK  LENGTH 

FLIGHT  CRACK  LENGTH 

no 

0.254943 

2970 

0.511694 

220 

0.260104 

3080 

0.529981 

330 

0.265496 

3190 

0.549423 

440 

0.271134 

3300 

0.570120 

550 

0.277034 

3410 

0.592178 

660 

0.283211 

3520 

0.615708 

770 

0.289684 

3630 

0.640774 

880 

0.296472 

3740 

0.667515 

990 

0.303595 

3850 

0.696911 

1100 

0.311073 

3960 

0.728938 

1210 

0.318924 

4070 

0.763656 

1320 

0.327172 

4180 

0.801417 

1430 

0.335836 

4290 

0.842060 

1540 

0.344941 

4400 

0.886198 

1650 

0.354505 

4510 

0.935012 

1760 

0.364552 

4620 

0.989602 

1870 

0.375099 

4730 

1.051578 

1980 

0.386165 

4840 

1.123748 

2090 

0.397608 

4950 

1.211695 

2200 

0.409449 

5060 

1.320150 

2310 

0.421868 

5170 

1.459127 

2420 

0.434913 

52  80 

1.648398 

2530 

0.448637 

5390 

1.946119 

2640 

0.463100 

5500 

2.661111 

2  750 

0.478369 

5526 

3.256102 

2  960 

0.494519 
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PROGRAM  P6  CRACK  GROWTH  IN  2024  T3  PANELS 


FCR  THIS  SET  OF  CONDITIONS, 

THE  NUMBER  OF  FLIGHTS  TAKEN  IS  12151 

THE  CRACK  LENGTH  REACHED  IS  2.9O380  INCHES 

THE  CONTROL  CRACK  LENGTH  SPECIFIED  IS  2.90000  INCHES 


IOHT, 

CRACK  LENGTH 

EL IOHT 

CRACK  LENGTH 

243 

0.254394 

6561 

0.485921 

496 

0.259963 

6004 

0.504106 

729 

0.263717 

7047 

0.523605 

972 

0.260665 

7290 

0.544562 

1215 

0.273822 

7533 

0.567085 

1459 

0.279201 

7776 

0.591191 

1701 

0.284816 

8019 

0.617153 

1944 

0.290670 

8262 

0.644787 

2197 

0.296758 

R505 

0.674525 

2430 

0.303200 

8748 

0.707847 

2673 

0.309892 

8991 

0.744386 

2916 

0.316911 

9234 

0.784597 

3159 

0.324283 

9477 

0.329064 

340? 

0.332033 

9720 

0.370628 

3445 

0.340191 

9963 

0.934171 

3899 

0.348790 

10206 

0.997013 

4131 

0.357865 

10449 

1.068944 

4374 

0.367455 

10692 

1.152425 

4617 

0.377588 

10935 

1.251246 

4  860 

0.399321 

1 1 1 78 

1.371102 

5103 

0.399700 

11421 

1.522059 

5346 

0.411789 

11664 

1.725326 

5599 

0.424669 

11907 

2.04  56  30 

903? 

0.439460 

12150 

2.895330 

6075 

0.453198 

12151 

2.903804 

6318 

0.468979 
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PROGRAM  P7  CRACK  GROWTH  IN  2024  T3  PANELS 


FOR  THIS  SET  OF  CONDITIONS, 

THE  NUM8FR  OF  FLIGHTS  TAKEN  IS  13517 

THE  CRACK  LENGTH  RFACHED  IS  2.90526  INCHES 

THE  CONTROL  CRACK  LENGTH  SPECIFIED  IS  2.90000  INCHES 


IGHT , 

CRACK  LENGTH 

270 

0.254257 

540 

0.258693 

910 

0.263320 

1090 

0.269149 

1350 

0.273196 

1670 

0.278477 

1990 

0.294008 

2160 

0.289311 

2430 

0.295918 

2  700 

0.302353 

2970 

0.309092 

3240 

0.316189 

3510 

0.323673 

3790 

0.331576 

4050 

0.339931 

4320 

0.348774 

4590 

0.358148 

4  960 

0.368094 

5130 

0.370623 

5400 

0.389821 

5670 

0.401735 

5940 

0.414448 

6210 

0.428071 

6490 

0.442718 

6750 

0.458439 

7020 

0.475339 

FLIGHT 

CRACK  LENGTH 

7290 

0.493558 

7560 

0.513151 

7830 

0.534234 

8100 

0.556961 

8370 

0.581319 

8640 

0.607525 

8910 

0.635692 

9180 

0.665994 

9450 

0.699478 

9720 

0.736427 

9990 

0.776953 

10260 

0.821518 

10530 

0.870501 

10800 

0.924568 

11070 

0.984756 

11340 

1.052260 

11610 

1.128636 

11880 

1.216141 

12150 

1.317953 

12420 

1.438771 

12690 

1.587177 

12960 

1.782270 

13230 

2.082376 

13500 

2.801352 

13517 

2.905261 

) 
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PROGRAM 

pg  CRACK  GROWTH  IN 

2024  T3 

PANELS 

FOR  THIS 

SET  OF  CONDITIONS, 

THE 

NUMBER  OF  FLIGHTS  TAKEN  IS 

4440 

THE 

CRACK  LENGTH  REACHED 

IS  2. 

90840  INCHES 

THE 

CONTROL  CRACK  LENGTH 

SPECIFIED  IS  2.90000  INCHES 

IGHT, 

CRACK  LENGTH 

FLIGHT 

CRACK  LENGTH 

89 

0.254570 

2314 

0.492571 

178 

0.259339 

2403 

0.511530 

267 

0.264321 

2492 

0.531782 

356 

0.269529 

2581 

0.553454 

445 

0.274980 

2670 

0.576589 

534 

0.280692 

2759 

0.601304 

623 

0.286662 

2848 

0.627685 

712 

0.292975 

2937 

0.655711 

801 

0.299612 

3026 

0.686175 

890 

0.306586 

3115 

0.719826 

979 

0.313922 

3204 

0.756426 

1068 

0.321654 

3293 

0.796337 

1157 

0.329814 

3382 

0.839929 

1246 

0.338431 

3471 

0.887543 

1335 

0.347540 

3560 

0.940017 

1424 

0.357176 

3649 

0.998263 

1513 

0.367377 

3738 

1.063474 

1602 

0.378128 

3827 

1.137188 

1691 

0.389513 

3916 

1.221763 

1780 

0.401578 

4005 

1.320636 

1869 

0.414397 

4094 

1.439226 

1958 

0.428055 

4183 

1.588485 

2047 

0.442640 

4272 

1.792941 

2136 

0.458201 

4361 

2.127930 

2225 

0.474816 

4440 

2.908402 
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PROGRAM  P9  CRACK  GROWTH  IN  2024  T3  PANELS 


FOR  THIS  SET  OF  CONDITIONS, 


THE 

NUMBER  OF  FLIGHTS  TAKEN  IS 

4466 

THE 

CRACK  LENGTH  REACHED 

IS  2. 

90974 

INCHES 

THE 

CONTROL  CRACK  LENGTH 

SPECIFIED  IS 

2.90000  INCHES 

IGHT , 

CRACK  LENGTH 

FLIGHT 

CRACK  LENGTH 

89 

0.254548 

2403 

0.510838 

178 

0.259296 

2492 

0.530969 

267 

0.264256 

2581 

0.552501 

356 

0.269443 

2670 

0.575478 

445 

0.274874 

2759 

0.600005 

534 

0.280566 

2848 

0.626183 

623 

0.286538 

2937 

0.653969 

712 

0.292819 

3026 

0.684080 

801 

0.299448 

3115 

0.717364 

890 

0.306419 

3204 

0.753528 

979 

0.313753 

3293 

0.792911 

1068 

0.321486 

3382 

0.835869 

1157 

0.329647 

3471 

0.882696 

1246 

0.338268 

3560 

0.934154 

1335 

0.347382 

3649 

0.99108C 

1424 

0.357022 

3738 

1.054546 

1513 

0.367226 

3827 

1.125833 

1602 

0.377970 

3916 

1.206865 

1691 

0.389341 

4005 

1.300736 

1780 

0.401377 

4094 

1.412004 

1869 

0.414154 

4183 

1.549582 

1958 

0.427760 

4272 

1.733445 

2047 

0.442284 

4361 

2.013495 

2136 

0.457773 

4450 

2.642915 

2225 

0.474312 

4466 

2.909745 

2314 

0.491979 
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PROGRAM  Pll  CRACK  GROWTH  IN  2024  T3  PANELS 


FOR  THIS  SET  OF  CONDITIONS. 

THE  NUMBER  OF  FLIGHTS  TAKEN  IS  9741 

THE  CRACK  LENGTH  REACHED  IS  2.90281  INCHES 

THE  CONTROL  CRACK  LENGTH  SPECIFIED  IS  2.90000  INCHES 


IGHT  . 

CRACK  LENGTH 

195 

0.254486 

390 

0.259166 

585 

0.264053 

780 

0.269163 

975 

0.27451 2 

1170 

0.280117 

1365 

0.285998 

1560 

0.292174 

1755 

0.298719 

1950 

0.305635 

2145 

0.312930 

2340 

0.320634 

2535 

0.328778 

2730 

0.337395 

2925 

0.346520 

3120 

0.356192 

3315 

0.366451 

3510 

0.377303 

3705 

0.388815 

3900 

0.400998 

4095 

0.413938 

4290 

0.427715 

4485 

0.442399 

4680 

0.458063 

4875 

0.474801 

FLIGHT 

CRACK  LENGTH 

5070 

0.492681 

5265 

0.511706 

5460 

0.531950 

5655 

0.553602 

5850 

0.576788 

6045 

0.601645 

6240 

0.628270 

6435 

0.656700 

6630 

0.687700 

6825 

0.721946 

7020 

0.759219 

7215 

0. 799912 

7410 

0.844277 

7605 

0.892808 

7800 

0.946437 

7995 

1.006084 

B190 

1.073019 

8385 

1.149018 

8580 

1.236414 

8775 

1.338075 

8970 

1.458038 

9165 

1.603785 

9360 

1.797256 

9555 

2.111245 

9741 

2.902808 
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PROGRAM  P12  CRACK  GROWTH  IN  2024  T3  PANELS 


FOR  THIS  SET  OF  CONDITIONS. 

THE  NUMBER  OF  FLIGHTS  TAKEN  IS  6942 

THE  CRACK  LENGTH  REACHED  IS  2.90175  INCHLS 

THE  CONTROL  CRACK  LENGTH  SPECIFIED  IS  2.90000  INCHES 


IGHT . 

CRACK  LENGTH 

FLIGHT 

CRACK  LENGTH 

139 

0.254758 

3614 

0.5026  88 

271 

0.259730 

3753 

0.522007 

417 

0.264931 

3892 

0.542628 

556 

0.270376 

4031 

0.564654 

695 

0.276084 

4170 

0.588189 

834 

0.282072 

4309 

0.613341 

973 

0.288362 

4448 

0.639793 

1112 

0.294994 

4587 

0.667934 

1251 

0.301979 

4726 

0.698832 

1390 

0.309335 

4865 

0.732413 

1529 

0.317089 

5004 

0.768759 

1669 

0.325267 

5143 

0.808208 

1807 

0.333898 

5282 

0.851061 

1946 

0.34301 1 

5421 

0.897687 

2085 

0.352636 

5560 

0.948859 

2224 

0.362805 

5699 

1.005336 

2363 

0.373497 

5838 

1.068157 

2502 

0.384719 

5977 

1.138275 

2641 

0.396583 

6116 

1.217803 

2780 

0.409140 

6255 

1.310178 

2919 

0.422450 

6394 

1.420749 

3058 

0.436575 

6533 

1.562275 

3197 

0.451584 

6672 

1.762242 

3  336 

0.467552 

6811 

2.086557 

3475 

0.484560 

6942 

2.901749 
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PROGRAM  PI  CRACK  GROWTH  IN  7075  T6  PANELS 


FOR  THIS  SET  CONDITIONS, 

The  NUMBER  of  FLIGHTS  TAKFN  IS  56  23 

THF  CRACK  LENGTH  REACHED  IS  P.50277  INCHES 

THE  CONTROL  CRACK  LENGTH  SPECIFIED  IS  2.50000  INCHES 


IGHT, 

CRACK  LENGTH 

FL IGHT 

CRACK  LENGTH 

112 

0.255822 

3024 

0.539007 

224 

0.261376 

31  36 

0.559019 

316 

0.248170 

3248 

0.530283 

46  3 

0.274720 

3360 

0.602909 

560 

0.231533 

3472 

0.627018 

672 

0.283640 

3584 

0.652744 

784 

0.296030 

3696 

0.630402 

306 

0.303753 

3808 

0. 710873 

1  OOR 

0.311797 

3920 

0.743711 

1120 

0.320190 

4032 

0.779159 

1232 

0.328950 

4144 

0. 916727 

1344 

0.338096 

4256 

0.957094 

1456 

0.347647 

436R 

0. 900998 

1563 

0.357625 

4480 

0.948999 

1680 

0.367948 

4592 

1.001794 

179? 

0.378685 

4704 

1.060311 

1  704 

0.389914 

4016 

1.125767 

2016 

0.401671 

4928 

1.200275 

2123 

0.413993 

5040 

1.286828 

2240 

0.426922 

5152 

1.390317 

2352 

0.440504 

5264 

1.520710 

2464 

0.454700 

5376 

1.694984 

2576 

0.469835 

5400 

1.9558  72 

2483 

0.485701 

5600 

2.376551 

2800 

0.502^56 

56 ->3 

2.502770 

2012 

0.520177 
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PROGRAM  P2  CRACK  GROWTH  IN  7075  T6 

FOR  THIS 

SFT  OF  CONDITIONS, 

thf 

NUMBER  OF  FLIGHTS  TAKEN  IS 

THE 

CRACK  LENGTH  REACHED 

IS  2 

THF 

control  crack  length 

SPECIF 

IGHT, 

CRACK  LENGTH 

FL IGHT 

112 

0.255827 

30  24 

224 

0.261876 

3136 

336 

0.268170 

3248 

44  8 

0.274720 

3360 

560 

0.281539 

3472 

672 

0.288640 

3584 

784 

0.296040 

3696 

396 

0.303753 

380R 

1  008 

0.311798 

3920 

1120 

0.320191 

4032 

12  3? 

0.328951 

4144 

1344 

0.338097 

4256 

1456 

0.347649 

4368 

1668 

0.357626 

44  80 

1680 

0.367950 

4592 

1792 

0.378687 

4704 

1904 

0.389917 

4816 

2016 

0.401674 

4928 

2128 

0.413996 

5040 

2240 

0.476925 

5152 

2352 

0.440508 

5264 

2464 

0.454793 

5376 

2576 

0.469838 

5488 

2688 

0.485704 

5600 

2800 

0.502460 

5623 

2912 

0.520181 

CRACK  LENGTH 
0.539010 
0.559022 
0.580286 
0.602912 
0.627022 
0.652748 
0.680406 
0.710377 
0. 743715 
0.779164 
0.816730 
0. 857096 
0.900999 
0. 948998 
1.001791 
1.060306 
1.125755 
1.200252 
1.286780 
1.390233 
l. 520556 
1.694715 
1.955370 
2.  375599 
2.501473 
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PROGRAM  P6  CRACK  GROWTH  IK!  TOT'S  T6  PANFLS 


FOR  THIS  SET  OF  CONDITIONS, 

THE  NUMBER  OF  FLIGHTS  TAKFN  IS  346* 

THE  CRACK  LFNGTH  REACHED  IS  1.3510T  INCHES 

THE  CONTROL  CRACK  LENGTH  SPECIFIED  IS  1.35000  INCHES 


IGHT  , 

CRACK  LFNGTH 

FL IGHT 

CRACK  LENGTH 

69 

0.255165 

1863 

0.486235 

134 

0.260501 

1032 

0.501256 

POT 

0.266019 

2001 

0.517029 

276 

0.271725 

2070 

0.533614 

345 

0.277630 

2139 

0.551071 

414 

0.283744 

2208 

0.569380 

483 

0.290079 

2277 

0.58R517 

552 

0.296645 

2346 

0.608720 

621 

0.303454 

24.5 

0.630103 

690 

0.31051 9 

2484 

0.652798 

759 

0.317854 

2553 

0.677045 

*28 

0.32547? 

262? 

0.704036 

397 

0.333389 

2691 

0.733149 

966 

0.341521 

2760 

0.764688 

1035 

0.350184 

282° 

0.798892 

1  104 

0.359097 

?39R 

0.835951 

1173 

0.369366 

296  7 

0.876334 

1  242 

0.378015 

3036 

0.920221 

1311 

0.3«8075 

3105 

0.968262 

1  380 

0.398552 

3174 

1.021718 

1449 

0.40948  1 

3243 

1.082657 

1  518 

0.420890 

3312 

1.152640 

1  587 

0.432734 

3331 

1.233912 

1656 

0.445234 

34  50 

1.325417 

1725 

0 ,458267 

3468 

1. 351066 

1  794 

0 .4  71 9  TO 
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PROGRAM  P7  CRACK  GROWTH  IN  7075  T6  PANELS 


FOR  THIS  SFT  OF  CONDITIONS. 

THF  NUM8FR  OF  FLIGHTS  TAKEN  IS  3679 

THE  CRACK  LENGTH  REACHED  IS  1.35056  INCHES 

THE  CONTROL  CRACK  LENGTH  SPECIFIED  IS  1.35000  INCHES 


FLIGHT, 

CRACK  LENGTH 

73 

0.255282 

146 

0.260742 

219 

0.266389 

292 

0.272221 

365 

0.278250 

438 

0.284494 

511 

0.290965 

584 

0.297675 

657 

0.304635 

730 

0.311861 

803 

0.319365 

876 

0.327163 

949 

0.335270 

1022 

0.343705 

1095 

0.352486 

1168 

0.361630 

1241 

0.371141 

1314 

0.381056 

l  387 

0.391403 

1460 

0.402180 

1533 

0.413441 

1606 

0.425254 

1679 

0.437621 

1752 

0.450578 

1925 

0.464161 

1998 

0.47841 1 

FL IGHT 

CRACK  LENGTH 

1971 

0.493373 

2044 

0.509094 

2117 

0.525624 

2190 

0.543045 

2263 

0.561391 

2336 

0.580549 

2409 

0.600725 

2482 

0.622031 

2555 

0.644567 

2628 

0.668445 

2701 

0. 594454 

2774 

0.722489 

2847 

0.752536 

7920 

0.784868 

2993 

0.819419 

3066 

0.856543 

3139 

0. 896477 

3212 

0.939160 

3285 

0.985526 

3358 

1.036569 

3431 

1.093784 

3504 

1. 158316 

3577 

1.231971 

3650 

1.314918 

3679 

1.350557 

